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VOLTAGE FLUCTUATIONS AT SODIUM 0" ALUMINA/MERCURY ELECTRODES

by

Chu Kun Kuo* and James J. Brophy
Physics Department
University of Utah

Salt Lake City, Utah 84112

ABSTRACT

Voltage fluctuations at mercury/sodium 0" alumina ceramic

electrode interfaces have been investigated over frequencies

ranging from 10-3 to 3x10 4 Hz. Noise voltages in the absence of

current can be explained by Nyquist and interfacial chemical

reaction noise. The activation energy of the reaction noise

rate constant is determined to be 0.29 eV, which suggests that

diffusion of the sodium ions in the electrolyte dominates the

reaction. In the presence of a decomposition current, the low

frequency noise varies as f-1 .5 . After current flow, the noise

voltage decays and can be observed for some tens of hours. Both

current and post current noise signals suggest conductivity

fluctuations arising from diffusion of the mobile sodium ions.

Fitting experimental data to the diffusion and decay equations

yields a diffusion constant of 1.8x10-6 cm2/sec and a character-

istic length equal to the bulk sample length.

I. INTRODUCTION

Mercury electrodes are used in Na 0" alumina cells as cathodic

acceptors to prepare sodium amalgam by Coulombic titration or as

anodic donors to test voltage breakdown in solid electrolyte
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membranes(1,2). In such devices the mercury electrode forms a block-

Ing contact. Very high electrical resistance is expected if the ionic

current direction is designated to inject cations into the 8" alumina

membrane. Voltage fluctuation investigations(3,4) on the mercury-

sodium O" alumina contact have detected a relaxation noise occurring

at around 100 Hz which is attributed interfacial reaction noise. The

present work examines in greater detail the contact noise characteris-

tics and extends the measurements to the presence of current. It may

be expected that in a solid electrolyte system with blocking

electrodes, an ionic current will build high space charge densities at

the electrode-electrolyte interface, which may lead to polarization

and breakdown of the solid electrolyte and affect noise generation

processes.

II. EXPERIMENTAL

Two-terminal cells are prepared by epoxying a rectangular sodium

8" alumina ceramic sample between plastic tubes which act as reser-

vOirs of mercury. The Na 8" alumina sample is obtained from Ceram-

atec, Inc. with chemical composition 90.4% A1203, 8.85% Na20, 0.75%

L20 and in dimensions of 0.8x.4x.5 cm3. The ceramic was baked at

8000C in open air before use to remove moisture and organic

contamination.

Voltage fluctuations are measured with the contacts connected to

the input of a PAR 113 preamplifier. The output of the preamplifier

AkeL
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is analyzed digitally using A/D conversion and FFT program on an on-

line computer. The spectral measurements cover the frequency range

from 10-3 to 3x10 4 Hz.(3,5)

Current is supplied from a filtered battery source and through a

100 Kohm series resistor. Current noise measurements usually start

about one hour after switching on the current, in order to reach a

stable current condition. At that time the cell is heavily

polarized.

III. NOISE IN THE ABSENCE OF CURRENT

Similar to (3), the noise spectrum of a mercury-Na 8" alumina

contact consists of (I) Nyquist noise at high frequencies correspond-

ing to the resistance of the 1" alumina ceramic electrolyte; (ii) a

relaxation noise in the mid-frequency portion; and (iii) excess low

frequency noise which decreases gradually with storage time. In the

present experiments contact noise is not measurable above internal

amplifier noise at frequencies smaller than about 0.3 Hz for aged

samples.

The temperature dependence of noise spectra observed from a two-

week aged cell are shown in Figure 1. The relaxation noise near 100

Hz increases with decreasing temperature and shifts to lower

frequencies. If chemical noise of a single species reaction is

assumed, we may write the noise voltage spectral density Sv as (3)

Sv SI 4 kr (1)

V2 _(3 )

. . , - mm m kar mmummmm mmum mmmmmi 
mmm

m I Ulm m
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where N is the average number of reacting species, kr is the rate

constant, w is the angular frequency and V a ZI z ZNekr where Z is

the impedance of the system and e is the electronic charge.

Supposing Z is a constant in the measuring frequency range, which

seems reasonable since only low noise levels are observed beyond the

mid-frequency noise relaxation, we obtain

3
C kr

S(Vf) - (2)

r

C - 4 Ne2 Z2

Fitted curves are shown in Figure 1. The smaller slope beyond

the characteristic frequency observed here than calculated by Equation

(2) can generally be interpreted in terms of a distribution of reac-

tion species or relaxation times. The temperature dependence of the

rate constant is shown in Figure 2. Linear least square calculation

gives

kr - 1.98x108 exp(-O.29eV/kT) (3)

The activation energy of the chemical reaction, 0.29 eV, agrees with

published conductivity and diffusion data for NaB alumina, suggesting

that diffusion of the mobile Ions in the electrolyte dominates the

chemical reaction process at the interface.

IV. CURRENT NOISE

When d.c. voltages are imposed on a solid electrolyte cell with
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ion blocking electrodes, only temporary polarization and impurity cur-

rents are present, in addition to any electronic current. However,

if the voltage Is increased beyond the decomposition potential of the

solid electrolyte, a decomposition current is generated, which may

decrease with time due to surface passivation of the solid electrolyte

by electrolytic deposition. A quasi-equilibrium current of 0.45

microamperes can be maintained in the present cell at 10 d.c. volts

and at room temperature. Figure 3 illustrates a typical current noise

spectrum which shows f-1. 5 dependence characteristic of diffusion

noise (6) below 10 Hz. The same contact reaction noise shown in

Figure 1 is also apparent.

Decaying noise voltages are observed for periods of some tens of

hours after switching off the current. In general, the spectral shape

is similar to that of current noise, but the low-frequency diffusion

noise level decreases with time. It appears that the ion concentra-

tion gradient produced by the applied voltage diffuses towards a uni-

form spacial distribution.

Similar concentration gradient noise decay observed in 0 lead

fluoride by Kleinpenning and Peters (7) is described by an exponen-

tially time-dependent equation. The diffusion noise level is shown to

be proportional to exp (-t1 2D/L2) where D is the diffusion constant

and L is the sample length. The 15- and 48-hour noise data obtained

here can be fitted by
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S(V,O.1 Hz) - 2.7x10 -11 exp (-2.8x10-t) (4)

where t is the setting time in seconds. This fit gives a relaxation

time of 3.6x104 sec. and for the sample length, 0.8 cm, the diffusion

constant is calculated to be D = 1.8x10-6 cm2/sec, which agrees with

literature values.

According to Van VMiet and Fassett(6), the fluctuation in N par-

ticles due to one dimensional diffusion has the spectrum

Sn < <AN 2>L2 [1-exp(-r)(cosr+slnr)]/Dr3  (5)

r -L(w/2D)

where <AN2> Is the total variance, L is a characteristic length and D

the diffusion constant. Assuming Poisson statistics, <AN2> = N the

voltage fluctuations are

S(V,f) = C'[1-exp(-r)(cosr+slnr)]/r3  (6)

C- = L2V2/DN

Summing the reaction, diffusion and Nyquist noise terms yields

S(V,f) - S(V,f) reaction + S(V,f) diffusion + S(V,f) Nyquist

= Ck3/(k2 + w2 ) - C'I1-exp(-r)(cosr+sinr)]/r 3 + 4kTRe (7)

where Re is the real part of the impedance. Inserting L=0.8 cm and

D.1.8x10-6 cm 2/sec, the curves given by Equation (7) are the solid

A:i'mmmmm,,m••I I
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lines in Figure 3. These results show that the diffusion noise

contribution decreases with setting time, while the contact reaction

noise and the bulk Nyquist noise remain unchanged.

V. DISCUSSION

These experimental results and calculations indicate interfaclal

reaction noise at the mercury/sodium 0" alumina contact in the absence

of current. From thermodynamic considerations there seems to be no

bulk chemical reactions which can be expected between the mercury and

sodium P" alumina at these experimental temperatures. As supposed in

(4), the interfacial reaction involved here may be attributed to for-

mation of intermediate sodium-mercury species, or partial amalgamation

at the interface between mercury and sodium 0" alumina. Open circuit

voltages of 2.2-2.4 V have been observed between mercury and sodium

electrodes at 350 0C and the cathodic amalgamation reaction was

supposed(8). The diffusion-dominated reaction noise observed here may

reasonably support the speculation that the origin of the interfacial

reaction noise arises from partial amalgamation. Diffusion is associ-

ated with supplement of sodium ions for the amalgamation reaction.

The current and post-current noise spectra show excess noise at

low frequencies characteristic of -1.5 frequency dependence. The

experimental spectra can be well fitted with Equation (7), indicating

a summation of chemical reaction noise, diffusion noise and Nyquist

noise. The diffusion noise calculation confirms the diffusivity and

A, Nowa |D B NB |i
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characteristic length deduced here and in previous studies(3,9). The

calculated results suggest a characteristic frequency for diffusion

noise (r=1 in Equation 5) of 9x10-7 Hz.
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FIGURE CAPTIONS

Figure 1. Noise spectra In the absence of current; the solid lines

are obtained by fitting with Equation (2).

(a) 274.4 0K, Nyquist noise = 2.25x10- 16V2 /Hz,

Fitting parameters: kr = 1600 sec "1 and C = 1.3xi0- 17 .

(b) 2860 K, Nyquist noise = 1.45x10-16 V2/Hz

Fitting parameters: kr = 2700 sec-1 and C 3.7x10 - 18 ,

(c) 2970K, Nyquist noise = Ixi0 - 16 V2 /Hz,

Fitting parameters: kr - 4500 sec -1 and C = 1x10 -18 .

(d) 3070K, Nyquist noise = 7.32x10- 17 V2/Hz,

Fitting parameters: kr = 5600 sec- 1 and C = 4.5x0 - 19 .

Figure 2. Rate constant versus temperature; the solid line is

fitted to Equation (3).

Figure 3. A typical current noise spectrum (0.45 microamperes at

10 volts) and post-current spectra after 15 and 48 hours.

The solid lines represent Equation (7) for kr - 4500 sec -1 ,

Nyquist noise = 1xi0 "16 V2/Hz, and C' = 5x0 -4 , 2.4x10 -4 ,

and 8xi0 - 6 for the 0.45VA, 15 hour and 48 hour data

respectively.
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